Plant nutrient uptake is an active process, requiring energy to accumulate essential elements at higher levels in plant tissues than in the soil solution, while the presence of toxic metals or excess of nutrients requires mechanisms to modulate the accumulation of ions. Genes encoding ion transporters isolated from plants and yeast were used to identify sugarcane putative homologues in the sugarcane expressed sequence tag (SUCEST) database. Five cluster consensi with sequence homology to plant high-affinity phosphate transporter genes were identified. One cluster consensus allowed the prediction of a full-length protein containing 541 amino acids, with 81% amino acid identity to the Nicotiana tabacum NtPT1 gene, consisting of 12 membrane-spanning domains divided by a large hydrophilic charged region. Putative homologues to Arabidopsis thaliana micronutrient transporter genes were also detected in some of the SUCEST libraries. Iron uptake in grasses involves the release of the phytosiderophore mugeneic acid (MA) which chelate Fe 3+ which is then absorbed by a specific transporter. Sugarcane expressed sequence tag (EST) homologous to genes coding for three enzymes of the mugeneic acid biosynthetic pathway [nicotianamine synthase; nicotianamine transferase; and putative mugeneic acid synthetase (ids3)] and a putative Fe 3+ -phytosiderophore transporter were detected. Seven sugarcane sequence clusters were identified with strong homology to members of the ZIP gene family (ZIP1, ZIP3, ZIP4, IRT1 and ZNT1), while four clusters homologous to ZIP2 and three to ZAT were found. Homologues to members of another gene family, Nramp, which code for broad-specificity transition metal transporters were also detected with constitutive expression. Partial transcripts homologous to genes encoding γ-glutamylcysteine synthetase, glutathione synthetase, and phytochelatin synthase (responsible for biosynthesis of the metal chelator phytochelatin) and all four types of the major plant metal-chelator peptide metallothionein (MT) were identified: Type I MT being the most abundant (>1% of seed-library reads), followed by Type II which had a similar pattern of expression as that described for Arabidopsis MT. Identifying and understanding the expression of genes associated with nutrient uptake and metal tolerance could lead to the development of more nutrient-efficient sugarcane cultivars, or might allow the use of sugarcane as a hyper-accumulator plant for the restoration of contaminated areas in phytoremediation programs.
INTRODUCTION
The potential of plant growth and development is limited by the ability of plants to efficiently absorb available nutrients from the soil. Worldwide, a significant portion of arable land presents some fertility constraints, either limiting concentrations of essential nutrients or toxicity, and crops frequently have to contend with limiting levels of essential nutrients in the rhizosphere, leading farmers to use fertilizers for maximum yield. Plants are the major source of micronutrients in the human diet, and mineral deficiencies (e.g. iron-deficiency) are important causes of major human nutritional disorders (Guerinot and Salt, 2001) while an excess of some minerals (e.g. zinc and copper) can be detrimental to human health (Kochian, 2000) .
Nutrient uptake by plants is an active process, requiring energy to accumulate essential elements at levels in plant tissues above concentrations found in the soil solution while, conversely, elevated concentrations of essential nutrients or the presence of toxic elements require active efflux systems and/or detoxification mechanisms to minimize the accumulation of ions. The transport of ions across the plasma membrane is based on an active efflux of protons which results in a pH gradient and/or a membrane potential which drives the movement of nutrients via carriers or channels (Hirsch and Sussman, 1999) . Plants have evolved systems to maintain a controlled intracellular ion homeostasis.
Phosphorous is one of the most limiting nutrients for plant growth, and the low solubility of most inorganic mineral phosphates and the high sorption capacity of soil make phosphorous the macronutrient least available to roots (Kochian, 2000) . Available soil phosphate is often found at µM levels, while plant tissue concentrations are in mM ranges (Raghothama, 1999) . The mechanism of phosphate uptake involves an energy-dependent proton/phosphate symport process, driven by a proton gradient generated by a plasma membrane H + -ATPase (Raghothama, 1999) . Studies on the kinetics of phosphate absorption have shown the existence of a dual mechanism, with high-affinity transporters operating at low phosphate concentrations (µM) and low-affinity transporters at high phosphate concentrations (mM) [Muchhal et al. 1996; Raghothama, 1999] . High-affinity phosphate transporter genes have been identified in Arabidopsis (Muchhal et al. 1996) , tomato (Liu et al., 1998) , potato (Leggewie et al., 1997) and other higher plants (Raghothama, 1999 ) based on functional complementation of yeast mutants defective in high-affinity transporters.
Some metal cations (e.g. such as zinc, copper, iron and manganese) are essential micronutrients for plants because they are required co-factors in many enzymatic systems. Micronutrient cations are highly reactive, potentially promoting the formation of active oxygen forms and uptake and transport must be maintained within limits to avoid oxidative cellular damage. Acquisition of micronutrients by plants is complicated by the limited availability of metal cations in the soil, where they have low solubility and tend to form metallo-organic complexes (Kochian, 2000) .
Iron is predominantly found in soils in its oxidized ferric (Fe +3 ) form, which is extremely insoluble at neutral or basic pH. Reduced ferrous iron (Fe +2 ) is considerably more soluble but is readily oxidized to the ferric form under aerobic conditions. Plants use two strategies to acquire iron (Hirsch and Sussman, 1999) . One iron-acquisition strategy (strategy I), used by most dicotyledonous and non-gramineous monocotyledonous plants, depends on the solubilization of ferric iron by the release of protons and organic acids, which acidify the rhizosphere, followed by the action of ferric-chelate reductase, and the reduced ferrous form is then taken into the plant by a specific transporter protein.
The ferric-chelate reductase gene (FRO2), expressed when iron levels are low, has been cloned from Arabidopsis by Robinson et al. (1999) . Based on complementation of yeast double mutants for low-affinity and high-affinity iron transporter (fet3 fet4), a plant iron-regulated transporter cDNA from Arabidopsis (IRT1) was identified (Eide et al., 1996) . IRT1 is expressed in roots, induced by Fe deprivation and co-regulated with FRO2 (Hirsch and Sussman, 1999 ).
An alternative iron-acquisition strategy (strategy II), adopted by grasses, depends on the release of a small peptide-like iron chelator, mugeneic acid (MA, also called phytosiderophore) to chelate ferric iron. The MA-Fe +3 -complex is then absorbed by a specific transporter protein into the plant (Mori, 1999) . In barley, mugeneic acid biosynthesis is induced by iron-deficiency, starting with the formation of nicotianamine from 3 molecules of S-adenosyl methionine by nicotianamine synthase (NAS; EC 2.5.1.43). Nicotianamine then receives an amino group from nicotianamine aminotransferase (NAAT) and is reduced to deoxymugeneic acid and hydroxylated to mugeneic acid by a putative mugeneic acid synthetase (ids3). Genes encoding NAS (nas) and NAAT (naat-A and naat-B) have been cloned using partial peptide sequences from barley roots grown under iron-deficient conditions, while putative MA synthetase (ids3) was identified by differential hybridization of cDNAs from barley roots (Herbik et al., 1999; Higuchi et al., 1999; Mori, 1999; Takahashi et al., 1999) . A putative Fe +3 -phytosiderophore transporter has been cloned from a maize yellow stripe 1 (ys1) mutant (Curie et al., 2001) .
The isolation of IRT1 gene from Arabidopsis thaliana has allowed the identification of a new family of micronutrient transporters Kochian, 2000) . Sequence similarities between IRT1 and yeast open reading frames of unknown function led to the identification of the ZRT1 and ZRT2, which encode high-affinity and low-affinity zinc transporters, and this gene family was named ZIP for ZRT IRT-related Proteins (Grotz et al., 1998) . IRT1 was later demonstrated to have a broad specificity and was able to transport manganese and zinc (Korshunova et al., 1999) . Functional complementation of zrt1 zrt2 mutant yeast by the expression of Arabidopsis cDNA sequences allowed the cloning of the ZIP1, ZIP2 and ZIP3, which restored zinc-limited growth of the zrt1/zrt2 yeast. Another member, ZIP4, was identified in Arabidopsis by sequence homology in GenBank, although, it was not able to complement the zrt1 zrt2 yeast mutant. At least 24 members of the ZIP family (including 11 members from plants) have been identified and categorized into two subfamilies (Guerinot and Eide, 1999) . Pence et al. (2000) cloned the ZNT1 gene (homologous to the ZIP4 gene) from the zinc-hyperaccumulating plant Thlaspi caerulescens using functional complementation in yeast and was able to show that ZNT1 was able to mediate both high-affinity zinc and low-affinity cadmium uptake.
The distribution of Zn into intracellular compartments depends on another family of metal transporters, the Cation Diffusion Facilitator (CDF) family, which has been identified in various eukaryotes, including yeasts and mammals (Guerinot and Eide, 1999) . A homologue to mammalian CDF genes was identified in Arabidopsis (ZAT) and it might be associated with vacuolar sequestration of Zn (van der Zaal et al., 1999) . The Nramp gene family is another class of integral membrane proteins possibly involved with broad specificity metal transport, including zinc (Guerinot and Eide, 1999) , and at least five members of this family were identified in Arabidopsis (Thomine et al., 2000) . AtNramp1, AtNramp3 and AtNramp4 were able to complement a yeast mutants defective for manganese and iron transport, and they enhanced cadmium sensitivity when expressed in yeast and plants, suggesting that members of the AtNramp family function as broad specificity metal transporters.
A general mechanism for metal detoxification in plants includes chelation of metal by a ligand, often followed by compartmentalization of the metal-ligand complex (Cobbett, 2000) . Plants contain two major metal peptide chelators, phytochelatin (PC) and metallothionein (MT) , that utilize coordination of metals by cysteine resi-dues (Robinson, 1993; Rauser, 1999) . Phytochelatins are enzymatically synthesized polypeptides consisting of γ-glutamylcysteine repetitions (i.e. (γ-Glu-Cys) n -Gly, where n = 2 to 11) with a terminal glycine (Cobbett, 2000) . Phytochelatins appear to be ubiquitous in plants and have been detected in some microorganisms. It is well established that glutathione (GSH, γ-Glu-Cys-Gly) is the substrate for phytochelatin synthesis. The transpeptidation of the γ-Glu-Cys moiety of a glutathione donor onto a glutathione receptor to form a n+1 oligomer is catalyzed by γ-Glu-Cys dipeptidyl transpeptidase (phytochelatin synthase, EC 2.3.2.15) (Cobbett, 2000) . Phytochelatin synthase genes have been characterized in Arabidopsis (Vatamaniuk et al., 1999; Ha et al., 1999) , wheat (Clemens et al., 1999) and Schizosaccharomyces pombe (Clemens et al., 1999; Ha et al., 1999) . Synthesis of glutathione depends on γ-glutamylcysteine synthetase (GCS; EC 6.3.2.2) and glutathione synthetase (GS; EC 6.3.2.3), and genes encoding these enzymes have been isolated from tomato and Arabidopsis (Goldsbrough, 1998) .
Metallothioneins, small (4 to 8 kD) cysteine-rich proteins translated from mRNAs, are required for metal tolerance in fungi and animals but their role in plants is still unclear. There are reports that metallothioneins are important for copper tolerance in Arabidopsis and they may be associated with metal homeostasis in plants by regulating the intracellular concentration of ions (Robinson et al., 1993; Zhou and Goldsbrough, 1995; Murphy and Taiz, 1995) . Expression of metallothionein genes can be affected by treatment with metals (especially copper) and a number of stress-related stimuli (Giordani et al., 2000) .
Identifying and understanding the expression of genes responsible for, or associated with, nutrient uptake and movement could lead to the development of more nutrient-efficient sugarcane cultivars, reducing the application of fertilizers to sugarcane crops and consequently the environmental impact of fertilizer production and application. Such cultivars may also make it possible to use marginal soils with low levels of fertility for sugarcane production. A potential application of increased metal tolerance would be the use of sugarcane for the restoration of areas contaminated by metals, a strategy known as phytoremediation. The objectives of the work presented in this paper were to identify sugarcane expressed sequences homologous to characterized genes associated with plant nutrient uptake and transport and with peptide metal ligands, such as metallothioneins and enzymes of phytochelatin biosynthetic pathway.
MATERIAL AND METHODS
Searches were conducted on the sugarcane expressed sequence tag (SUCEST) database (http://sucest.lad.dcc. unicamp.br/en/Services/services.html), using keywords and the basic local alignment search tool (BLAST) in the tblastx mode and clusters derived from the database with the fragment assembly program Phrap (Telles and Silva, this issue). The expectation value (E-value) represents the number of distinct alignments with a better score than that expected to occur purely by chance in a database search. Identified clusters with a low E-value were individually re-analyzed using the BLAST program http://www.ncbi. nlm.nih.gov/BLAST/ to confirm their identities. The cluster nucleotide consensus sequences were conceptually translated at the Open Reading Frame Finder site at http://www.ncbi.nlm.nih.gov/gorf/gorf.html. The protein sequences at the correct reading frame were aligned with homologous proteins from other organisms using the ClustalW program (version 1.8) at http://dot.imgen.bcm. tmc.edu:9331/multi-align/multi-align.html.
RESULTS AND DISCUSSION

Phosphate transporters
High affinity phosphate transporters are highly conserved in plants and the availability of several isolated genes encoding these transporters served as the basis for searching the SUCEST database for sugarcane homologues. We identified five clusters derived from 48 reads with E-values < 10 -34 (Table 1) , cluster SCCCLR1001G10.g having the best homology with all the plant high-affinity phosphate transporters. An alignment of predicted amino acid sequences of the 5 clusters indicated that all clusters shared homology with cluster SCCCLR1001G10.g, except for cluster SCEPAM2011H02.g. The sugarcane high-affinity phosphate transporter identified here had an amino acid identity with other phosphate transporters which ranged from 73% with Mendicago MtP1 to 81% with tobacco NtPT1 (Table 2) . Amino acid identity of the phosphate transporters from Arabidopsis thaliana, Solanum tuberosum (potato), Lycopersicon esculentum (tomato), Nicotiana tabacum (tobacco), Catharanthus roseus, Mendicago truncatula and Triticum aestivum (wheat) are all above 75%, except for Arabidopsis AtPT6, which is apparently more distantly related to the other phosphate transporters (Raghothama, 2000) . The sugarcane cluster consensus SCCCLR1001G10.g allowed the prediction of the full-length protein, containing 546 amino acids ( Figure  1 ), within the range of 518 to 587 amino acids observed for fungal and plant phosphate transporters. The predicted protein from the sugarcane cluster contained all the features of typical fungal and plant phosphate transporters, i.e. it was a membrane-associated protein with 12 membrane-spanning domains in two groups of six separated by a large hydrophilic charged region, common features of sugar, ion, antibiotic and amino acid co-transporters (Chrispeels et al., 1999) . The sugarcane phosphate transporter contained potential phosphorylation and N-glycosilation sites, as observed in fungal and plant phosphate transporters. The SCCCLR1001G10.g cluster was assembled from 27 reads, 15 of which were derived from root and root-shoot transition zone libraries. Genes encoding high-affinity phosphate transporter are preferentially expressed in roots, the transporters being rapidly induced under phosphate deprivation (Raghothama, 2000) . However, high-affinity phosphate transporters are also expressed in other plant parts (e.g. leaves, stems, tubers and flowers) probably associated with the transport of phosphorous within the plant (Raghothama, 1999) .
A low-affinity phosphate transporter gene, Pht2;1, was cloned and characterized from Arabidopsis (Daram et al., 1999) . Pht2;1 codes for a phosphate:proton symporter, with a 12-membrane spanning region, and is preferentially expressed in leaves of Arabidopsis. Homologues to AtPht2;1 have been identified in rice and other plants but no AtPht2;1 homologues was found in sugarcane.
Iron acquisition
According to Kochian (2000) strategy II is adopted for iron acquisition by most species of grass, and sequences of barley genes encoding NAS (nas1 to nas6; Higuchi et al., 1999; Herbik et al., 1999) , NAAT (naat-A and naat-B; Takahashi et al., 1999) and the putative mugeneic acid synthetase gene ids3 (Nakanishi et al., 2000) were searched in the SUCEST database. Homologues to a putative Fe +3 -phytosiderophore transporter which has been cloned from maize by Curie et al. (2001) was also searched. The Arabidopsis FRO2 and IRT1 genes which are involved in strategy I iron acquisition in plants were also used in our searches.
We identified four NAS clusters (from 9 reads) with E-values < 10 -24 (Table 3 ) and 10 NAAT clusters (from 28 reads) with E-values < 10 -37
. Three clusters of sugarcane NAS-like sequences presented the best alignment with nashor2 gene from barley (GenBank AF136942) characterized by Herbik et al. (1999) , whereas only one sugarcane cluster, SCSBFL4061E06.g, showed some alignment with the nas4 described by Higuchi et al. (1999) [data not shown]. The sugarcane clusters with the best E-values for NAAT-like sequences exhibited good alignment with both naat-A and naat-B (data not shown). For the putative mugeneic acid synthetase ids3, 14 clusters were identified with 210 Figueira et al. In terms of expression, the sequences homologous to NAS were found at low levels in roots, flower, apical meristems and in vitro plantlets infected with Gluconacetobacter diazotroficans, while NAAT-like sequences were found primarily in roots and flowers but were also present in most of the tissues evaluated. The sugarcane homologue to the putative mugeneic acid synthetase ids3 212 Figueira et al. Figure 2 -Alignment of the predicted amino acid sequences of one sugarcane clusters consensus and the sequence predicted for the barley ids3 gene, a putative mugeneic acid synthetase.
was expressed mostly in seeds and roots. Interestingly, most of these barley genes were not expressed constitutively, but were inducible under conditions of iron-deprivation. Higuchi et al. (1999) found that when barley was grown in the presence of sufficient iron nas1 transcripts were not detectable but were highly induced in roots grown under conditions of iron-deficiency. Based on northern analysis, Takahashi et al. (1999) found that naat-B was expressed constitutively in barley roots and that both naat-A and naat-B were induced by iron deprivation, although both transcripts were absent in leaves. Nakanishi et al. (2000) observed that ids3 was only expressed in the roots of iron-deficient barley and rye, and was not detected in the roots of eight other species. Curie et al., (2001) stated that maize ys1 is constitutively expressed in roots and shoots but higher levels are induced under conditions of iron deprivation. The fact that constitutive homologues of the above genes in sugarcane were detected even at low levels of expression and under iron-sufficient growth conditions, suggests that sugarcane may have a distinct control of expression of these genes. Sequences with homology to the putative ys1 gene were primarily observed in the sugarcane root libraries, but they were also identified in most of the other sugarcane tissues. Sequence homologues to FRO2 were not identified in the SUCEST database, supporting the belief that sugarcane utilizes Strategy II for iron acquisition. Sequences with homology to IRT1 are discussed below.
Zinc transporters
Genes from the ZIP family of micronutrient transporters (ZRT-IRT-related proteins) were used to BLAST search the SUCEST database. Searches were also performed for sequences related to the Arabidopsis ZAT (van der Zaal et al., 1999) and Nramp gene family (Thomine et al., 2000) .
Seven sugarcane sequence clusters which had high homology (E-value < 10 -20 ) to various members of the ZIP gene family were identified (Table 4) , although because of the high homology between the members of the ZIP family (ZIP1, ZIP3, ZIP4, ZNT1 and IRT1) it was difficult to classify the sugarcane clusters according to their homology to a specific member, except for ZIP2. Table 4 shows that sugarcane clusters SCJLLR1103B12.g and SCEZRZ 1017H11.g shared high homology with all members of the ZIP family. Several sugarcane clusters (e.g. SCQSST1036E04.g and SCEZRZ1015A04.g) showed higher homology to ZIP1, ZIP3 and IRT1 and less homology to ZIP4 and ZNT1, while clusters SCRULB2064B09.b and SCJFST1014H01.g were homologous only to ZIP4 and ZNT1. We found these ZIP-like sequences expressed in various sugarcane tissues, with the exception of root tissue. Grotz et al. (1998) stated that ZIP1 and ZIP3 were barely detectable in roots and shoots of plants growing under zinc-sufficient conditions but were induced at higher levels in zinc-deprived roots, whereas ZIP4 was induced in zinc-deprived roots and shoots.
When the ZIP2 sequence (which had less homology to the other members of the ZIP family) was used in the search four clusters were identified from 13 reads, the ZIP2-like sequences being detected in various tissues, including roots. None of the sugarcane ZIP-like sequences were complete nor did they include the amino terminal of the predicted proteins.
Three sugarcane clusters (preferentially expressed in shoots) homologous to the Arabidopsis ZAT gene were identified at E-values < 10 -13 , including one cluster (SCVPLR1049G12.g) that contained the amino terminal of the ZAT protein. Table 5 shows the ten clusters which were identified as being homologous to members of the Nramp family. In general, the E-values for each sugarcane cluster were similar for AtNramp2, AtNramp3 and AtNramp4, but the inverse of that for AtNramp1 (i.e. when the E-value was high for AtNramp1 it was low for the other three and vice versa). Sugarcane clusters SCCCST1008B09.g SCCCRT 2002F07.g, SCSFST3080A03.g and SCCCAM2001H06.g gave the highest homologies to AtNramp1. Cluster SCEZLB1008B05.g was homologous only to AtNramp1 while clusters SCQGAM2029C12.g and SCBFST 3135C04.g had no homology with AtNramp1. Clusters SCBFRZ2017F03.g, SCJLFL1049E03.g and SCVPR T2079F02.g were most homologous to AtNramp2, AtNramp3 and AtNramp4. Thomine et al., (2000) has shown that the predicted proteins encoded by AtNramp2, AtNramp3 and AtNramp4 are between 65 to 75% identical, whereas AtNramp1 is more distantly related (<37% identity). We detected Nramp-like sequences most frequently in the root library and, less frequently, in the flower library, but we detected them in various other tissue libraries as well. Thomine et al. (2000) proposed that Nramp genes may play a role in constitutive metal transport, and found that in Arabidopsis AtNramp1 was preferentially expressed in the roots of plants grown in vitro but was also detectable in shoots, while AtNramp3 and AtNramp4 were equally expressed in roots and shoots. These authors also found that expression of these three genes was induced in roots by metal starvation, with only AtNramp4 being induced in shoots as well. Rice Nramp homologue OsNramp2 was expressed only in leaves, whereas OsNramp3 was expressed predominantly in roots, although it was also expressed in shoots.
Phytochelatins
The SUCEST database was searched using keywords for the 3 enzymes involved in phytochelatin biosynthesis (Table 6) . Genes encoding γ-glutamylcysteine synthetase (GCS), glutathione synthetase (GS) and phytochelatin synthase (PCS) have been isolated from Arabidopsis, e.g. gsh1, (May and Leaver, 1995) , gsh2 (Wang and Oliver, 1996) , cad1 (Ha et al., 1999) and AtPCS1 (Vatamaniuk et al., 1999) . 214 Figueira et al. ) were identified with partial homology to γ-glutamylcysteine synthetase (Table 6 ). These three clusters, derived from 12 reads, were expressed principally in root tissues (5 reads) but transcripts were also detected in apical meristems and flowers (2 reads each), leaves, the shoot-root transition zone and leaf-roll. No transcript contained the amino terminal of the protein.
We also identified seven clusters (E-values < 10 -31 ) derived from 12 reads that showed partial homology to glutathione synthetase, which also was chiefly expressed in roots (4 reads), leaf-roll (3 reads) and lateral buds and flowers (2 reads each). May and Leaver (1994) have shown that genes for these enzymes are constitutively expressed in Arabidopsis, while Xiang and Oliver (1998) have reported that such genes are inducible by specific metals (e.g. Cd and Cu) and by jasmonic acid. Table 6 shows that the search of the SUCEST database came up with 3 phytochelatin synthase clusters (E-value < 10 -82 ) derived from 8 reads. These clusters had high similarity with wheat phytochelatin synthase (Clemens et al., 1999) , with an amino acid identity of 73%, but none of the clusters had a complete transcript. The reads were found in libraries prepared from stem bark, stem internode, root, flower and calli. Phytochelatin synthase is constitutively expressed in cell cultures and plant roots and stems and its activity is regulated by the presence of metal ions (Cobbett, 2000) . Transcription of the Arabidopsis gene CAD1 (AtPCS1) is not affected by heavy metal stress (Ha et al., 1999; Vatamaniuk et al., 1999) , whereas the wheat gene (TaPCS1) is activated when exposed to cadmium (Clemens et al., 1999) . From our work it appears that the sugarcane tissues in which γ-glutamylcysteine synthetase, glutathione synthetase and phytochelatin synthase are expressed, and the levels of expression of these genes, are consistent with the data for other systems where expression is constitutive and ubiquitous.
Metallothioneins
Plants contain genes that are structurally and functionally homologous to animal and fungal metallothionein genes (Robinson et al., 1993; Rauser, 1999) , but according to Zhou and Goldsbrough, (1995) the homology between animal and fungal metallothioneins is confined to the cysteine residues, with low homology at nucleotide level. The first plant metallothionein protein was isolated from wheat embryos (E c ) as a zinc-binding protein with cysteine residues arranged in three domains (Lane et al., 1987) . Since this first isolation, at least 58 genes encoding cysteine-rich metallothionein proteins have been identified from a range of plants and tissues (Rauser, 1999) , although most of the predicted proteins have not been isolated and sequenced, except for Arabidopsis metallothionein (Murphy et al., 1997) and even their metal-binding capacity has not been demonstrated.
Most plant metallothioneins contain two cysteine-rich domains separated by a large cysteine-free central domain, and are classified into 4 types according to the distribution of the cysteine residues in the two domains (Rauser, 1999) . Type I metallothioneins have 6 pairs of cysteine residues all present in a Cys-Xaa-Cys (Cys = cysteine residue and Xaa = amino acids other than cysteine) arrangement distributed equally between the two domains (Figure 3) . Type II metallothioneins contain 4 pairs of cysteine residues in the amino terminal region, starting with a Cys-Cys configuration and ending the first domain a Cys-Xaa-Xaa-Cys configuration (Figure 3) , the remaining 3 pairs of cysteines at the carboxy terminal being arranged as in the Type I metallothioneins (Robinson et al., 1993) . Type III MTs have cysteine mainly at the amino terminal end (Murphy et al., 1997) . Type IV metallothioneins are related to the wheat E c genes expressed during the development of wheat embryos.
Based on a keyword-search for metallothionein, 84 SUCEST clusters were recovered with E-values < 10 -5 . This high E-value is due to the small size of plant metallothioneins, which typically contain from 45 to 80 amino acids (Robinson et al., 1993) . All 84 clusters were examined, but only those with E-values < 7.10 -7
were analyzed, resulting in a total of 69 clusters. Additionally, four other clusters were identified by the BLAST program using nucleotide sequences from various Type III metallothioneins from Arabidopsis thaliana GenBank Z26008; Carica papaya Y08322; Malus domestica U61974 (Murphy et al. 1997) and type IV metallothioneins (E c metallothioneins) from the monocotyledonous plants Triticum aestivum (GenBank X68289 and X68288) Oryza sativa (AAG13588) Zea mays U10696 (White and Rivin, 1995) and the dicotyledonous plant Arabidopsis thaliana (Z27049 and 473284) (Murphy et al., 1997) . From this total of 73 sugarcane clusters we obtained 60 which were conceptually translated and contained the full length protein, and 55 clusters (from 849 reads) aligned with metallothioneins from other species when we classified these metallothioneins into the four plant metallothionein types (Figure 3) . Figure 3 shows a representative of each variant of the 27 clusters that we classified as Type I metallothioneins, 17 of which had identical sequences to cluster SCQSHR1020G10.g. Only 4 clusters out of the 27 differed by one amino acid, 5 by 2 amino acids and the single-read cluster SCCCLB1025A03.g by only 4 residues from the consensus. Most of the substitutions occurred in the central cysteine-free spacer domain, and all the cysteine residues were conserved. These variants may arise from inaccurate sequencing and/or cluster assembly, or they may represent gene or allelic variants. The original reads need to be re-sequenced to confirm the variation. We tried to correlate the pattern of expression of the variants in the different li-braries with the sequence variation but this failed (data not shown). In general, most plant species contain gene families encoding a single metallothionein class (Murphy et al., 1997) We found 21 clusters related to Type II metallothionein proteins, of which 8 were protein sequence variants with minor amino acid changes, each represented by 1 to 4 clusters (Figure 3) . We attempted to further classify these clusters based on Arabidopsis MT2 gene sequences (MT2a and MT2b) but were not able to. We were able to classify five clusters as Type III metallothioneins, with clusters SCSGHR1070E07.g and SCCCAD1004C07.g having identical protein sequences (Figure 3 ). These sequences showed some homology with metallothionein Type III proteins from Arabidopsis, kiwi and papaya (Murphy et al., 1997) . Only cluster SCSFSD1066A01.g, with an incomplete sequence and derived from only 4 reads expressed in seeds, could be classified as a Type IV metallothionein with homology to the wheat E c metallothionein.
Of the 291.689 ESTs in the SUCEST database, a total of 849 reads (0.29%) encoding metallothionein-like proteins were identified. These reads were present in most of the tissue libraries, with the level of expression varying from 0.005% in the FL1 flower cDNA library (1 in 18523) to 1.5% (156 in 10336) in the SD2 seed library, indicating that metallothionein genes are highly expressed in various tissues. It is well established that at least some metallothionein genes are expressed at relatively high levels in terms of mRNA abundance, and appear frequently in EST collections (Goldsbrough, 1998) . We found that the overall average of metallothionein-like transcripts (0.29%) was similar to value obtained for the normalized library NR2, 0.26% (1 in 384).
Type I metallothionein transcripts were most abundant with 501 reads, followed by Type II metallothionein transcripts with 324 reads. Surprisingly, Type I metallothioneins were very abundant in seed libraries with 119 reads in the seed library SD1 and 146 reads in the SD2 (Table 7). Type IV metallothioneins, including wheat E c , are usually expressed in seeds (Robinson et al., 1993) and, indeed, we found Type IV metallothionein transcripts in only in seed tissues, but they were present only at low levels (4 reads, 0.019%). White and Rivin, (1995) observed low transcript levels of seed-specific E c -like maize metallothionein in immature embryos, with transcript levels only reaching peak levels during the mid-maturation phase, although Robinson et al. (1993) found that wheat E c tran- scripts accumulated at the early stages of embryogenesis. The SUCEST cDNA seed libraries SD1 and SD2 were prepared from equal amounts of mRNA extracted from seeds at three stages of development up to seed maturation, so it is possible that the peak level of sugarcane Type IV metallothionein transcripts might have been missed. Using in situ hybridization, Garcia-Hernandez et al. (1998) detected a strong signal for Arabidopsis MT1a RNA, but not for MT2a RNA, in tissues that function in the transport of nutrients into the placenta and funiculus of developing Arabidopsis seeds. Table 7 shows that a few Type II metallothionein transcripts in tissues from sugarcane seeds were detected but no Type III metallothionein transcript. In addition to their strong expression in seed cDNA libraries, Type I metallothionein transcripts were also highly expressed in root libraries (Table 7 ) and also found at high level of expression in the HR1 library prepared from in vitro plantlets infected with Herbaspirillum rubri ssp. albicans and at a significant level of expression in the leaf-roll, and leaf and stem internodes libraries (Table 7) . Zhou and Goldsbrough (1995) found that Arabidopsis MT1a was expressed at high levels in roots from both young and mature plants, and at a lower level in leaves and was poorly expressed in inflorescence and siliques and concluded that, in general, expression of most Type I metallothionein sequences tends to be more abundant in roots than in leaves. Garcia-Hernandez et al. (1998) concluded that localization of the of Arabidopsis MT1a in vascular bundles, especially the phloem or in the placenta and funiculus tissues involved in transport of nutrients to the seed, suggest that MT1a may play a role in metal ion transport and/or vascular development.
Type II metallothionein transcripts were more abundant in libraries made from the shoot-root transition zone, stem internodes, apical meristem and flower tissues (Table  7) . In contrast to Type I metallothionein transcripts, the pattern of the accumulation of Type II transcripts was less frequent in seed, root, and leaf-roll libraries. Garcia-Hernandez et al (1998) observed the same trend for Arabidopsis MT1 and MT2, and concluded that these metallothioneins play distinct roles in metal homeostasis. It is interesting to note that in our research the libraries that exhibited most accumulation of Type II metallothionein transcripts (shoot-root transition zone, stem internodes, apical meristem and flowers) contained a significant portion of sugarcane stems. Zhou and Goldsbrough (1995) showed that Arabidopsis MT2 was constitutively expressed in the leaves, inflorescences and roots of mature plants, but was also detected in roots from young plants and siliques. Table 7 shows that only 24 reads of Type III metallothionein transcripts were detected from libraries prepared from in vitro plantlets infected with H. rubri ssp. albicans (HR1) and from leaf roll. In Arabidopsis, Type III metallothionein transcripts are expressed at higher levels in leaves than in roots (Murphy et al., 1997) , and have been detected in fruits and developing embryos (Garcia-Hernandez et al., 1998) . In Arabidopsis, metallothionein genes of various types have been shown to be part of a small gene family consisting of two or more genes, each gene having distinct temporal and spatial expression patterns (Murphy et al., 1997) . We found that the level of expression of metallothionein transcripts detected in sugarcane under standard growth conditions indicates that these genes are constitutively expressed at high levels, particularly the gene for Type I metallothionein, although it will be necessary to conduct northern hybridization analyses to confirm the specificity of metallothionein gene expression in sugarcane tissues. The function of metallothioneins is still unknown, but the evidence indicates that these proteins may play an important role in metal homeostasis, probably associated with metal transport within the plant.
CONCLUSIONS
The expression and function of the sugarcane gene homologues reported in this paper need to be confirmed by northern expression analysis, micro-arrays or macro-arrays and appropriate induction conditions, or by the functional complementation of yeast cells or model plants such as Arabidopsis or rice. Over-expressing or co-suppressing these sequences in transgenic sugarcane or rice should allow the evaluation of expected phenotypes under suitable conditions and enable us to validate the identity and expression patterns of these genes. The first obvious candidates for such treatment are the high affinity phosphate transporter genes and sequences associated with metal chelating peptides such as metallothioneins and phytochelatins.
RESUMO
A absorção de nutrientes pelas plantas é um processo ativo, requerendo energia para o acúmulo de nutrientes essenciais em níveis mais elevados nos tecidos vegetais do que na solução do solo, enquanto que a presença de metais tóxicos ou excesso de nutrientes requererem mecanismos para modular o acúmulo de íons. Genes que codificam transportadores de íons, isolados de plantas e de leveduras, foram usados para identificar homólogos presumíveis no banco de dados de seqüências expressas de cana-de-açúcar (SUCEST). Cinco consensos de grupos de seqüências com homologia a genes de transportadores de fosfato de alta afinidade foram identificados. O consenso de um dos grupos permitiu a predição da proteína completa, com 541 amino ácidos e 81% de identidade com o gene NtPT1 de Nicotiana tabacum, consistindo de 12 domínios transmembrana divididos por uma grande região hidrofílica. Homó-logos presumíveis a genes transportadores de micronutrientes de Arabidopsis thaliana também foram detectados em algumas bibliotecas do SUCEST. A absorção de ferro em gramíneas envolve a liberação de um composto fito-sideróforo, ácido mugenêico (MA), que complexa com Fe 3+ , sendo então absorvido por um transportador específico. Seqüências expressas (EST, expressed sequence tag) de cana-de-açúcar homólogas aos genes que codificam as três enzimas da via de biossíntese do ácido mugenêico (nicotianamina sintase; nicotianamina transferase; e a sintetase presumível do ácido mugenêico ids3), além de um transportador presumível de Fe 3+ -fito-sideróforo foram também detectados. Sete grupos de seqüências de cana-de-açúcar foram identificados com grande homologia com os membros da família de genes ZIP (ZIP1, ZIP3, ZIP4, IRT1 e ZNT1), enquanto que quatro grupos apresentaram homologia com ZIP2 e três com ZAT. Seqüências homólogas aos membros de uma outra família de genes, Nramp, que codificam transportadores de metais de ampla espectro, foram também detectados com expressão constitutiva. Transcritos parciais homólogos aos genes que codificam γ-glutamilcisteína sintetase, glutationa sintetase e fitoquelatina sintase (responsáveis pela biossíntese da proteína quelante de metais, fitoquelatina) e todos os quatro tipos do outro principal peptídeo quelante de metais em plantas, metalotioneína (MT), foram identificados: MT do tipo I sendo a mais abundante (> 1% das seqüências na biblioteca de sementes), seguido pela MT do tipo II, com padrão de expressão similar àquele descrito para MT de Arabidopsis. A identificação e a compreensão da expressão de genes associados com a absorção de nutrientes e tolerância a metais poderiam possibilitar o desenvolvimento de variedades de cana-de-açúcar mais eficientes nutricionalmente, ou permitiriam o uso da cana-de-açúcar como planta hiper-acumuladora para a restauração de área contaminadas em programas de fitorremediação.
